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Abstract 
Patellofemoral Pain Syndrome (PFPS) is a frequently occurring problem whose causation is 
multifactorial. Supposed triggers include mal-tracking patella due to an imbalance in the muscles 
of the quadriceps. There are numerous treatments for the pain; for example, strengthening of the 
quadriceps shows good clinical results. In this study, the geometry of a bicycle chainring has 
been optimised to increase the recruitment of Vastus Medialis Oblique (VMO). The intention is 
to strengthen VMO as part of a rehabilitation program to relieve the pain associated with PFPS.  
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Patellofemoral Pain Syndrome (PFPS) is a general term given to a pain experienced underneath the patella. The 
pain is most poignant during exercising but may also be felt in menial, daily tasks such as climbing and descending 
stairs. It is particularly prevalent in adolescents as well as young adults accounting for up to 10% of visits to sports 
medicine clinics [1]. PFPS has also been observed as being the most common injury experienced by runners [2].  
Owing to the multi-factorial nature of PFPS, it is uncertain as to its exact causation. Abnormal tracking of the 
patella [3], patella dysplasia and delayed onset of Vastus Medialis Obliquus (VMO) relative to Vastus Lateralis 
(VL), however, are thought to play a role in the source of the pain. Due to the anatomy of the knee, during flexion of 
the lower limb, the patella experiences a lateral movement. This movement however, is resisted by VMO, the 
medial retinacular structures and the prominence of the lateral facet of the trochlea [4]. If VMO is weakened 
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therefore, or its onset delayed in comparison to VL, the lateral movement associated with flexion cannot be resisted 
to the same extent, hence causing mal-tracking of the patella in the femoral trochlea (Souza et al. linked VM 
weakness to Patellofemoral pain). 
Treatments that resolve the pain and restore the previous range of motion are plentiful but lack substantive 
evidence. Rehabilitation by means of exercise therapy, however, is common practice and previous clinical trials with 
quadriceps strengthening have produced good results [1], complementing the conclusions of Doucette et al.[5] who 
concluded that strengthening exercises of VMO could improve patella stability. 
Cycling is a well-known exercise used for rehabilitation purposes, enabling the patient to exercise and strengthen 
their muscles without applying potentially damaging impulse loading to the joints and surrounding tissues. During 
cycling numerous muscles are recruited, particularly the quadriceps. Where a patient is suffering from PFPS 
however, it may be desirable to focus preferential recruitment of VMO.  
Recent studies by the authors have shown that by altering the geometry of a bicycle chainring, different muscles 
are recruited to varying extents. The eventual aim of this research is to increase the strength of VMO in order to 
counterbalance the pull of VL [6] and hence effectively pull the patella back into normal alignment, relieving the 
pain underneath. The aim of this paper is to perform an optimisation study that will vary a bicycle’s chainring 
geometry to preferentially recruit VM and while ensuring the onset of the VM is at the same point in time as VL.  
The long-term objectives of this study would be the ability to offer a bespoke chainring that suits the anatomy of 
an individual patient. This may prove to be a more time-efficient method of the rehabilitation process, which may 
eliminate the continued supervision of their physiotherapist and thus reduce consultation time. 
2. Methods 
A series of experiments were undertaken to acquire specific torque output for a variety of cadences, for one male 
rider who is of a competitive standard.  This data was then collated to provide a cadence-torque profile for the 
cyclist, which is then utilised in the geometric chainring optimisation. 
AnyBody 4.0.2 was the musculoskeletal modeling program used for this study, which solves the problem by 
inverse dynamic method, utilising the software’s muscle recruitment algorithm [7]. The three-dimensional bicycle 
model, available from the AnyBody repository AMMRV 1.0, was used as a basis for the study (see Figure 1). The 
model consists of ~287 simple Hill-type muscles. Preprogrammed into the repository model is also the posture and 
body motion of the cyclist, which was used as the foundation for the cyclist’s motion during the study, i.e. the 
simulation anthropometrics did not match the rider for whom the torque data was collected. 
To reduce the complexity of the model in the interest of minimising computational cost, the model did not 
include arms as it is assumed that they play little role in the desired analysis and can therefore be omitted. VMO is 
not defined explicitly in the computer model and the entire Vastus Medialis (VM) group is targeted for increased 
recruitment. 
As previously mentioned, it has been shown that by altering the geometry of the chainring, muscles may be 
recruited to varying extents during a single rotation of the cranks, when compared to a regular circular chainring. By 
varying the shape of the chainring, one is effectively changing the local cadence for a given crank angle, in turn 
affecting the torque at that instance. Given the cadence, the relative torque can hence be looked up from the 
experimental data. In this optimisation study where hundreds of chainring shapes were investigated, it was clearly 
impracticable to collect torque data for each design. We therefore employed a surrogate model of the relationship 
between torque, local cadence and power. In this model the torque is defined by 10 Fourier coefficients (plus a 
constant) each of which are represented by a Kriging Gaussian process based model [8] fitted through 25 
experimental points. This model was embedded within the chainring optimization process, essentially providing a 
continuous look-up table from which to obtain the torque profile for a given chainring.  
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Reflecting the torque parameterisation, we also described the cadence in terms of a Fourier series. The 
coefficients of the series control the cadence profile, hence the geometry, and in turn the torque profile. If all the 
coefficients except the first are set equal to zero, then the cadence will be constant and consequently the chainring 
will be circular. If all the coefficients are then defined less than or greater than zero, the cadence profile will change 
and hence the chainring becomes non-circular. Our aim was to find the Fourier coefficients (a1,…,a10) which 
increase activity of VM (by increasing the metabolic power (Pmet) of VM in the AnyBody model) compared to a 
standard circular chainring. More formally, we maximize the maximum Pmet in the right VM plus the maximum 
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Figure 1: Image of AnyBody 3D Bicycle Model 
Direct numerical optimisation of this problem was computationally too expensive and a surrogate model was 
used in lieu of calls to the AnyBody simulation. A Matlab surrogate modeling toolbox [9] was employed, which is 
able to run the 3D bicycle model through the AnyBody console.  
We began with a 10-dimension Latin hypercube defining 100 points in the design space at which to sample the 
model. The inverse dynamics operation is run for the defined coefficients, calculating Pmetmax for each occurrence, 
which are then stored in a matrix in the MATLAB workspace. 
Once the initial data points have been retrieved, a multidimensional (Kriging) surface map is fitted to these 
points. The code then searches the map for the coefficients with the maximum expected improvement in Pmetmax
multiplied by the probability of meeting the left/right muscle balance constraint: 
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It is then possible to select the coefficients that generate the greatest values of Pmet from the surface model. 
These coefficients are then used to determine the chainring geometry. The process continues until the chainring 
shape is deemed to have converged on an optimal solution. 
3. Results and Discussion  
The optimised Fourier coefficients (from the 13th simulation) lead to the optimised chainring geometry as seen in 
Figure 2(a). The optimal design has three large peaks, which corresponds to the three dominant peaks in the local 
crank velocity (Figure 2(b)), and is rather asymmetric, alluding to the complexity of the study.  
Figure 2 (a) Chainring geometry; before and after optimisation; (b) Local crank velocity during one revolution of the cranks 
On inspection of the chainring Figure 2, the optimized shape appears to be reasonably logical. If it is imagined 
that in its current orientation, the right crank is in the forward-horizontal position, then as the chainring begins to 
rotate clockwise past the horizontal, the local radius of the chainring increases (where the chain would attach). This 
causes a decrease in the local crank velocity and an increase in Pmet to produce the necessary torque. It can be seen 
in Figure 3(a) that the peak in Pmet occurs at ~ 45°, which is just after the peak in the radius. The local velocity 
increases again as radius reduces slightly, before decreasing once more as the right crank passes through the 
downward-vertical and the radius is once more increased; this pattern then continues through the revolution. The 
geometric maxima are seen when either crank is near to the horizontal, during the transition from a lower to higher 
local velocity. 
Figure 3(a) is showing the how Pmet varies with respect to crank angle; for both a circular chainring and the 
optimised chainring. For both, there are two distinct peaks where the right and left VM respectively are activated. 
The maxima occur when the crank for the respective leg is between the forward-horizontal and downward-vertical 
position; this is the same irrespective of which chainring is used. However, in the case of the optimised chainring, it 
appears that the muscles are not working as efficiently and hence Pmet increases with the lower local velocity. 
circular
optimised
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Figure 3: (a) Results from optimisation of Pmet, showing Pmet of VM before, and Pmet of VM afterwards;  
                (b) Torque Profile for one revolution of the cranks  
It can be seen from Figure 3 that it was possible to optimise a bicycle chainring to increase the activation of VM. 
There is definite increase in the peak-to-peak metabolic power of VM (58.9%), as well as a 16.9% rise in the mean 
metabolic power during one revolution compared to a conventional, circular chainring. These peaks also coincide 
with the latter part of knee extension, which is when activity of VMO is thought to be most prominent [10]. 
The torque profile during the revolution is a fairly regular sinusoidal type curve, generating a power output of 
~200W and a cadence of ~90rpm (both the target values). It is however, slightly delayed on the down-stroke of the 
left crank, but marginally ahead on the down-stroke of the right crank, when compared to that of a circular 
chainring. This may pertain to the delay in the peaks of Pmet. 
As a consequence of increasing VM however, Pmet of VL and Vastus Intermedius (VI) also increases. This is a 
reasonable concurrence, as the Vasti group is activated for leg extension. Although it may be assumed that if there is 
an imbalance in the muscles and the intention is to increase the weaker, the stronger ought to be worked less by 
comparison. However, due to the relative sizes of the muscles, VL will have more influence on the motion, over 
VM. Nevertheless, it is increasing Pmetmax of VM by 58.9% from its norm, which will aid in adding bulk to that 
muscle. It also trains the muscles to activate at the same time, which has also been suggested as a cause of the pain. 
4. Conclusion 
This study further supports the notion that by altering the geometry of a bicycle chainring, it is possible to affect 
the muscle recruitment. The next step would be to employ motion capture to the cyclist’s kinematics and to 
manufacture their optimised chainring, comparing the theoretical results with experimental. It would also be of 
interest to see if a generic chainring could be used for a range of subjects, in a rehabilitation program. The effect of 
pronation of the foot and saddle height may also be of interest of further investigation, as these may both affect the 
extent to which VM is activated, particularly in relation to VL. The optimised shape of the chainring presented in 
this study is asymmetric, but with two distinct radial increases perpendicular to the cranks. It may therefore be of 
interest to reduce the optimisation to that of an ellipse, with only two parameters. 
Having demonstrated this technology in the specific field of cycling as means of rehabilitation for people with 
PFPS, there is the possibility that this work may spinout into other research areas involving musculoskeletal 
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modeling and analysis, rehabilitation or even performance enhancements in elite sports, where it is desired that the 
patient or athlete increase the strength of a certain muscle. 
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